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Abstract
A new large space structure transportation method proposed recently is modified
and experimentally validated. The proposed method is to use space robots' manip-
ulators to control the vibration, instead of their reaction jets. It requires less fuel
than the reaction jet-based vibration control methods, and enables quick damping
of the vibration. The key idea of this work is to use the decoupled controller, which
controls the vibration mode and rigid body mode independently. The performance of
the proposed method and the control algorithm is demonstrated and quantitatively
evaluated by both simulation and experiments.
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Chapter 1
Introduction
1.1 Motivation
Robots have been playing important roles in many aspects of human civilization
since the end of the twentieth century. Factories, which were once filled with nu-
merous diligent workers, are now running on various industrial robots which work
for 24 hours/day, 7days/week without any complaints for ceaseless drudgery. Robots
are suitable for work in environments which are dull, dirty, and dangerous, such as
factories, mines, underwater, or toxic areas.
Robots are playing major roles not only on earth but also in deep space; the history
of planetary exploration is almost the history of the robotic space probes. While
human beings have walked only on two celestial bodies, robotic probes have visited
all the planets in our solar system, and landed on two planets other than Earth, two
moons, and two asteroids, all of which resulted in great scientific discoveries. However,
there is still one place in space where humans play the central role; Low-Earth orbit.
There is increasing need for on-orbit service of satellites and on-orbit construction of
space structures. With current technology, astronauts still have to conduct dangerous
space walks just to replace the broken gyroscopes of the Hubble Space Telescope or
to connect cables and fasten bolts to add modules to the International Space Station.
On-orbit human operation is undesirable for three main reasons; cost, safety,
and accessibility. Manned space flight costs much more than unmanned flight. For
10
example, one Space Shuttle flight costs over 800 million dollars, and the International
Space Station costs 2.5 billion dollars [NASA's FY 2008 Budget] per year to maintain.
Manned space flight is a dangerous adventure. As of April 2007, there have been
249 manned space flights in history (not including suborbital flight), and five of them
(Apollo 1, Soyuz 1, Soyuz 11, Challenger, and Columbia) encountered serious accident
with loss of crews, which resulted in an approximately 2% death rate.
Manned space flight has problems with accessibility since cost and safety issue put
limit on the number of manned space flights. In practice, four or five manned flights
per year are the limit for both US and Russia. Moreover, once an accident occurs,
a manned space program stops for several years. The International Space Station
is an example to show the limited accessibility of on-orbit construction by human
beings; it has been nine years since the start of construction, and it is not finished
yet. Long construction periods increase the budget, which again limits the number
of space flights and worsens the accessibility, causing a vicious cycle.
It is questionable if it is worth spending 800 million dollars and taking 2% risk of
the loss of human life to send human to space just to connect some cables and fasten
bolts. With the cost of five manned missions, 20 to 30 robotic space missions would
be possible, making on-orbit construction and service more accessible without any
danger to life.
Therefore Human operations in space should be replaced by robots as much as
possible. Using an intelligent fleet of robots, large space structures such as the Inter-
national Space Station can be constructed more unexpensively and quickly without
the risk to life. With on-orbit servicing by robots, satellites do not have to be aban-
doned when they run out of fuel or need repair; they can be refueled or repaired
by robots, and brought back to life. Space robots may contribute to the solution to
global energy problem. They would be a necessary technology for the construction of
space solar power stations, although the launch cost has to be dramatically reduced
to be economically feasible[1][15].
The MIT Field and Space Robotics Laboratory has been working on various prob-
lems in the design and control of space robotics for many years, including intelligent
11
Figure 1-1: NASA's Sun Tower concept [15]
vision-based sensing , safe path planning, free-flying manipulator control, and assem-
bly of large space structures[61[131[14][17] [24]. This thesis focuses on a experimental
validation of the transportation algorithms for large flexible space structure, which is
a necessary step for the construction of large-scale architectures on orbit.
1.2 Background and Literature Review
When dealing with large space structures, vibration control is an important engineer-
ing problem for the following reasons:
1. Large space structures are very flexible. To minimize the expensive launch cost,
the space structures are designed to have minimum weight, which results in the
thin and flexible structure. Thus the vibration of space structures cannot be
neglected.
2. Vibrations may be excited by robots' actuators, such as thrusters and reaction
wheels.
3. The Natural damping of these space structures will be small. In the zero-gravity
and vacuum of the space there are few mechanisms that can dissipate vibrational
12
energy. Therefore the vibrations of large flexible space structures are hard to
suppress without active control.
4. Finally, because of the large size of space structures, they have low natural
frequency, which results in very slow natural damping.
Thus the robots that transport large space structures must actively control the
vibration of these structures. Failing to do so would delay the construction, or result
in the damage of the structures and/or the robots.
Since space robots do not have fixed base and the dynamics of robots and flexible
large space structures are highly coupled, active vibration damping is more difficult
for the on-orbit systems than for the ground-based systems.
There has been a significant amount of work in the area of controlling flexible
space structures and spacecraft [3][4][5][7][21][23]. An on-orbit vibration control ex-
periment was conducted using Japanese satellite ETS-VI, which was quite successful
[20]. Most of these past work focuses on the vibration control of the flexible structures
rigidly attached to the spacecraft's body such as solar arrays and antennas. Although
they employ different control schemes, the reaction jet attitude control system (RCS)
is commonly used for the actuation. Another approach proposed in [8] is to use piezo-
electric actuators placed on the flexible structure. This work is interesting in that it
uses only the position and velocity measures of the spacecraft body by exploiting the
dynamics model.
However, these on-orbit vibration control methods are not suitable for the future
large space structure for two reasons. Firstly, in the past work, the flexible structure
is modeled as a part of the spacecraft such as a solar array or an antenna. However,
the future large space structure should be a passive object held by other spacecraft
(ie. space robots), since it is inefficient (or even impossible) to implement thrusters,
reaction wheels, or piezoelectric actuators in all modularized components of the large
space structures. In this work, the flexible structure is modeled as a passive object
held by space robots.
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Secondly, in the most of the past work, the vibration is controlled by reaction jet.
However, fuel is a limited and expensive resource on the orbit. A significant amount
of fuel has to be consumed to dissipate the huge vibration energy of the large space
structure, which is quite inefficient in terms of the cost. In this work, manipulators are
used to control the vibration. Manipulators can be powered by electrical energy, which
can be obtained unlimitedly from solar array. Therefore this approach allows space
robots to reduce fuel consumption, which will result in the lower construction cost.
This approach will also reduce the effect of the plume impingement problem. [22] [25]
The theoretical basis of this work is the a vibration control algorithm using ma-
nipulators proposed by Y. Ishijima, et al.[12]. His approach is to use a decoupled
controller to control the coupled dynamics of robot-flexible structure system, and he
successfully proved the effectiveness of the controller in simulations.
The major contribution of this work is the experimental validation of this new
vibration control algorithm using manipulators. Several modifications to the original
theory are also made to give the robustness to sensor, actuator, and model errors
found in the real systems.
1.3 Experiment Methodology
On-orbit space robotics experiments are difficult due to the expensive cost and long
development periods of the spacecraft. The average cost of the current satellite is in
the order of $100M, and need approximately a 10- year development period. 1
Therefore ground-based technology validation is necessary before conducting on-
orbit experiment. Using a flat table is a suitable experiment method for this purpose.
By floating objects on polished flat table using air bearings, 2-D non gravity inertia
space with little friction can be realized on ground. Several space robotics experiments
have been conducted using this method. [2] [19]
'Recently emerging small satellite technology may be the solution for the cost and development
period. Several 1kg class satellites developed by university laboratories have been launched and
worked successfully on orbit[10][16]. However, the capabilities of small satellites are limited, and not
suitable for complicated space robotics experiment in the existing circumstances.
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The Field and Space Robotics Lab developed the flat table-based FSRL Free
Flying Space Robotics Test Bed (Figure 1-2) with two free-floating dual-arm robots.
Using the test bed, this work experimentally validated the effectiveness of the new
large space structure transportation algorithm which actively controls vibrations using
robots' manipulators while it controls the rigid body mode using thrusters.
Figure 1-2: FSRL Free Flying Space Robotics Test Bed
1.4 Problem Statement and Approach
The objective and the approach of this work is summerized as follows;
Problem Statement
1. Develop an efficient and robust algorithm to transport large space structures
on orbit with actively controlling the vibration
2. Demonstrate and quantitatively evaluate the algorithm in laboratory experi-
ment.
15
Figure 1-3: Top view of the FSRL Free Flying Space Robotics Test Bed
Approach is to:
1. use robots' manipulators for the vibration control of flexible structure while
using their thrusters to control the position of the center of mass during the
transportation operations.
2. Conduct an experiment using the FSRL Free Flying Space Robotics Test Bed.
1.5 Thesis Outline
The theoretical basis of the decoupled controller are described and discussed in Chap-
ter 2. The simulation results are presented in Chapter 3, followed by the experimental
result in Chapter 4. The mechanism and functions of the FSRL Free Flying Space
Robotics Test Bed developed in this work are described in the appendix.
16
Chapter 2
Theory
2.1 System Dynamics Model
To design the controller and develop the simulator, the dynamics of the beam and
the robots has to be modeled properly. The dynamics of the beam is modeled as a
linear time-invariant (LTI) system. The following equation of motion describes the
rigid-body dynamics of the beam.
2
mbxb = Fmp,i
i=1
2
IbLb = rmp,i x FmPi (2.1)
i=1
where mb is the mass of the beam, I is the inertia of the beam, Xb is the position of
the center of mass of the beam, Wb is the angular velocity of the beam, rmp,i is the
vector from the beam's center of mass to the point where the ith robot holds the beam
by its manipulator, and Fmp,i is the force applied to the beam by the manipulator of
the ith robot. Figure.2-1 gives the graphical interpretation of these vectors.
The linear equation of motion of the beam vibration is obtained by modal decom-
position of the Euler-Bernoulli beam equation as follows[18].
17
Fmp,i
Robot 1
rmp, 1
mb. Is rmp, 2Fm,
Flexible beam
Robot 2
Inertial Origin
Figure 2-1: Definitions of vectors appeared in the equation of motion Eq. (2.1)
+ 24 + Q2 = M-1 Fmd (2.2)
where q is the modal coordinates of vibration modes. Z and Q are diagonal matrices
whose diagonal elements are damping ratios and natural frequencies of corresponding
vibration modes respectively. M in Eq. (2.2) is the diagonal modal mass matrix,
whose nth diagonal elements is defined as follows using mode shape <1>;
x=LMn = M
Jx=0
(2.3)
where x-axis runs along the beam's length. Fmd is the modal force vector, whose nth
element is defined as follows;
(2.4)Fmd,n= (X(X) - Fmpdx
2.2 Estimator
Accelerometers are used to capture the beam's vibration. Using Kalman Filter, noisy
accelerometer data is combined with beam's dynamics described in Eq. (2.2) to obtain
the maximum likelihood sequence estimation of beam's vibration mode parameters.
Vision sensors such as laser range finder can be combined to enhance the resolution.
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Refer to [6] [14] for further details about the vibration mode estimator used in this
work.
2.3 Decoupled Controller
A decoupled controller proposed by Y. Ishijima is used and modified to control the
coupled dynamics of the beam and the robots [12]. The decoupled controller used in
this work consists of three controllers; the vibration controller, the rigid-body mode
controller, and the manipulator compliance controller.
The vibration controller is a LQR state feedback controller using robots' manipula-
tors which controls the beam's vibration and rigid-body mode. It takes the estimated
states of vibration and rigid-body mode of the beam as the input, and provides the
force commands of the manipulator. The details of the controller are described in
Section 2.3.2.
The rigid-body mode controller is a classical PD controller using robot's thrusters
which controls robot's position and velocity. It takes the robot's position and velocity,
and determines the thruster force. The details of the controller are described in
Section 2.3.3.
The manipulator compliance controller is added to bridges the above two con-
trollers. It behaves like springs and dampers which connect two robots to the beam
as Figure 2-4. It takes the relative position of end effectors from the robot body
and outputs compliance force at the end effectors. The details of the controller are
described in Section 2.3.4.
The entire controller design is shown in the block diagram Figure.2-2.
2.3.1 Modification to thr original algorithm
The major difference between Ishijima's original algorithm[12] and the modified al-
gorithm used in this work is summarized as follows.
1. In the modified algorithm, the vibration controller does not control the rigid-
19
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Figure 2-2: Controller block diagram
a - Accelerations of the beam q - Vibration mode parameters
Fn p - Measured manipulator force Fobtp,d - Commanded manipulator force
a - rManipulator joint velocities Vn t r Motor PWM duty ratio
rEE - End effector position VEE - End effector velocity
Xroset - Robot position and velocity Fhruster - Thruster force
body mode of the beam
2. The manipulator compliance controller is added to the modified controller
In the original algorithm, the rigid-body mode of the beam and the position of
the robots are controlled independently; the vibration controller controls the beam's
vibration mode and rigid-body mode simultaneously while the rigid-body mode con-
troller controls the position (ie. rigid-body mode) of the robots. In this setting
the two controllers have to be perfectly synchronized so that the robots do not get
away from the beam. However, in the real-world, it is impossible due to the sensor
and actuation error. If the robots get too away from the beam, the manipulators
are completely stretched and enter the singular point, which disables the vibration
control.
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In the modified algorithm, the rigid-body mode of the beam is not explicitly
controlled. However, it is constrained by the manipulator compliance controller.
Therefore, by controlling the robots' position using the rigid-body mode controller,
the beam follows the robots and thus its rigid body-mode is controlled.
2.3.2 Vibration Controller
This controller is a simple state feedback controller described as follows;
Fmp,y1 = Kiqr q (2.5)
Fmp,y2 Fmp,yl
SFmp,y2
where the scalar Fmp,yi is the perpendicular component (y-components in Figure 2-3)
of the force applied to the beam applied by the ith robot's manipulator while Fmp,yi is
the measured (estimated) manipulator force. Vectors 4 and q are estimated vibration
mode parameters.
y
Fmp,1 Fmp,1 ,xF , Fmp,2
Flexible beam
Robot I Robot 2
Figure 2-3: Vibration Control
Note that the right-hand side input vector includes measured manipulator force
Fmp,yi and Fmp,y2. This is because the delay in the low-level controllers (Section 2.3.5)
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is also taken into account to obtain the LQR feedback gain Kiqr. Since LQG regulators
are very sensitive to errors in the model, the close loop system easily becomes unstable
unless the dynamics including low-level controller delay is well modeled[9].
The original equation of motion of the beam vibration (Eq.2.2) does not include
the delay. By approximating the delay of the low-level force controller as a first-order
delay, the equation of motion of the beam vibration including the delay is described
as follows:
x: = Ax + Bu (2.6)
where
x =
U =
q
Fmp,yi
Fmp,y2
Fmp,yl,des
Fmp,y2,des
0
-2ZQ4
0
0
(2.7)
I
0 0
0 0
1/r 0
0 1/T
1
_02
0
0
0
-1/T
0
(2.8)
(2.9)
0
M-l4D2
0
-1/r
(2.10)
where r is the time constant of the low-level controller delay and Fmp,yi is the actual
manipulator force while Fmp,yi,des is the desired (commanded) manipulator force (i.e.
the output of the vibration controller).
Using this model, the state feedback gain Kiq, is obtained by solving infinite
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horizon Riccati equation so that the following performance metric J is minimized.
J = j(xQx + UTRu)dt (2.11)
2.3.3 Rigid-Body Mode Controller
The rigid-body mode controller is a simple PD controller which controls the position
and orientation of each robot. The output of the controller is the thruster force.
Fth = Kp,th(Xrobot - xd) + Kd,th(Xrobot -- kd) (2.12)
where Xd and -d are the desired position and velocity respectively. Kp,th and Kd,th
are the proportional and differential gain.
2.3.4 Manipulator Compliance Controller
The manipulator compliance controller is also a simple PD controller which behaves
like springs and dampers between the manipulator's end effector and the reference
point, which is fixed to the robot's local coordinate (see Figure 2-4).
rref
Reference point
CM
Figure 2-4: The concept of the manipulator compliance controller.
The manipulator force command is obtained by the following equation.
23
Fmp = Kp,mcc(rEE - rref) + Kd,mcc(iEE - i'ref) (2.13)
where rEE is the end effector position, rref is the position of the reference point,
Kp,mcc and Kd,mcc is the proportional and differential gain. Note that Eq. (2.13) is
described in the robot's local coordinates that are fixed to the robot's body.
This controller plays a critical role to bridge the vibration controller (Section 2.3.2)
and the rigid-body mode controller (Section 2.3.3). Since the vibration controller does
not consider the beam's rigid-body mode, the beam does not follow robots without
this controller.
2.3.5 Low-level Controllers
Several low-level controllers are used to control the manipulators (See the block dia-
gram, Figure 2-2).
End effector force controller is necessary to output the desired end effector
force given by the vibration controller (Section 2.3.2) and the manipulator compliance
controller (Section 2.3.4).
End effector velocity controller is necessary to implement the end effector
force controller.
Both low-level controllers are implemented by simple PDI feedback controllers.
2.4 Vibration Controller with Thrusters
In later chapters of this thesis, the performance of the proposed decoupled controller
is compared to an approach where the vibration is controlled by thrusters with manip-
ulator licked. This subsection explains how this approach is applied to our problem.
The control algorithm is the same as the vibration controller described in Section
2.3.2, with the exception that the actuators are thrusters, not manipulators. Thruster
force is obtained from the state feedback controller;
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Fth = Kirq (2.14)
where q is the vibration coordinates.
To obtain the optimal state feedback gain Kiq, in Eq. 2.14, the same dynamics
model used in Section 2.1 is utilized. For this controller, the manipulators are not
actively controlled, but they simply connect the beam and the robots. The control
input is the thruster force of both robots.
The equation of motion of the robots and the beam are repeated below.
m1xrobot1 = -Fi + Fth,1 (2.15)
m2xrobot2 = -F 2 + Fth,2 (2-16)
4 + 2ZQ4 + Q2 = M 1 (' 1 F1 + ( 2F 2 ) (2.17)
where Fth,i is the thruster force of ith robot.
Since the manipulators do not move in this case, the acceleration of the robots
Xrobotl and Xrobot2 are related to the vibration acceleration 4 by the following equation.
:iroboti = T4 (2.18)
Xrobot2 = T4 (2.19)
By substituting Eq.2.15 and Eq.2.16 into Eq.2.17 using Eq.2.18 and Eq.2.19, the
following equation of motion is obtained:
{1 + M- 1 (m 14 1&f + m 2 2')} 4+ 2Z4+ 2 = M-1 (1Fh,1 + 4th,2F2) (2.20)
Using Eq.2.20, the state feedback gain Kiqr is obtained by solving infinite horizon
Riccati equation so that the following performance metric J is minimized.
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J = (qTQq + FTRFth)dt (2.21)
The rigid body mode is controlled by the same PD controller as Section 2.3.3.
The thruster force is obtained from the sum of the LQR vibration controller and the
rigid-body mode controller outputs.
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Chapter 3
Simulation
Simulation studies were conducted to demonstrate the ability of the decoupled con-
troller described in the previous section, and to design the experiment described in
Chapter 4. For this, a simulation model with the same scale as the FSRL Free-
Flying Space Robotics Test Bed was developed and executed. It was also used for
the parameter tuning of the experiment.
3.1 Settings
In the simulation two robots transported the beam to the destination, which was 0.5
m away from the initial position as shown in Figure 3-1. The entire maneuver took
approximately 10 seconds. The profile of the position of the robots is shown in Figure
3-2. The position was controlled by PD controller (Section 2.3.3). However, due to
the thruster saturation, the thrust profile was close to bang-bang control. (See Figure
3-5 for the thrust profile.)
Due to the limit of the thrust (~ 0.1 N), visible vibration could not be exited by
robot's maneuver alone. Thus, the initial condition, [qi(0), 41 (0)] = [0, 2.0] (1st mode
vibration), were set.
Table 4.1 below shows the system parameters used in this simulation. These
parameters were taken from the FSRL Free-Flying Space Robotics Test Bed (Figure
1-2).
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Start
Robot 1 R0.5 m
Goal
Robot I Robot 2
Figure 3-1: Simulation model overview
3.2 Performance Comparison
To quantitatively evaluate the performance of the proposed decoupled controller, the
simulation results of the following three methods are compared.
(a) No vibration control - Two robots simply transport the beam using thrusters
without controlling the vibration. Manipulators are locked.
(b) Vibration control with thrusters - Two robots transports the beam and control
the vibration using their thrusters. Manipulators are locked.
(c) Vibration control with manipulators (the proposed algorithm; the decoupled con-
troller) - Two robots transport the beam using their thrusters while controlling
the vibration using their manipulators.
Figure 3-2 summerizes the timeline of the simulation and the function of thrusters/manipulators
of each control method.
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Transport beam
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Figure 3-2: Simulation timeline and the function of thrusters and manipulators in
each control method
3.3 Performance metric
The performance of the three control methods were compared using the following two
metrics.
1. Fuel consumption - the total amount of the fuel consumed until the robots
reached within 3 cm distance from the goal point.
2. Damping ratio - the damping ratio of the first mode vibration of the beam.
The damping ratio was defined as ( in the following vibration equation and was
obtained from the nonlinear least squares curve fitting method. Levenberg-Marquardt
algorithm was used for the minimization.
x = A exp(-(wt) sin( 1 - ( 2 wt + 4) (3.1)
3.4 Result
Damping Ratio and Fuel Consumption Figure 3-3 summarizes the damping
ratio and the fuel consumption of three control methods. (c) The vibration control
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Table 3.1: Parameters of the simulation model
0.337 kgMassBeam Mass properties
and dimensions Length 1.22 m
Width 0.128 m
0.80 mmThickness
Physical properties Material Aluminum
Young Modulus 70.3 Gpa
Density 2.70 x 103 kg
Natural frequencies 1st mode 2.82 Hz
2nd mode 7.77 Hz
1st modeDamping ratio
0.12nd mode
Robot Mass properties Mass 7.0 kg
Inertia 0.040 kg.m2
Actuators Maximum thruster 0.1 N
force
Maximum manipu- 1.0 N
lator force
Sensors Accelerometer 160 x 10-1 m/s 2/VHz
noise density
Force sensor noise 1.0 N/V'Hz
density
0.1
with manipulators doubled the
of fuel compare to (a), while
improvement in damping ratio
(a).
damping ratio and consumed almost the same amount
(b) the vibration control with thrusters made little
and consumed significantly larger amount of fuel than
Figure 3-4 shows the accumlated fuel consumption versus time, and Figure 3-
5 compares the thruster output force profiles of the three control methods for 20
seconds. (b) Vibration control with thrusters consumed substantially larger amount
of fuel than the other two while (c) vibration control with manipulators consumed just
slightly more fuel than (a)no vibration control. Fuel consumption rate of (b) vibration
control with thrusters did not converge to zero because the thrusters reacted to the
residual vibration of the beam.
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Figure 3-3: Damping ratio and fuel consumption of three control methods
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j
Vibration Figure 3-6 compares the magnitude of vibrations with three control
methods; (a)no vibration control, (b)vibration control with thrusters, and (c)vibration
control with manipulators (the proposed controller). It is obvious that (c)vibration
control with manipulators (Figure 3-6-(c)) damps the vibration most quickly. The
other two (Figure 3-6-(a) and (b)) does not have visible difference. This is because
the thruster has very tiny thrust (0.1N, Table 4.1), and robots are massive compared
to the beam mass. A relatively large spike is observed at the begging of the simu-
lation in (c)vibration control with manipulators. This is because the vibration state
estimator (Kalman filter) had initial error and Vibration Controller calculated the
manipulator force based on the unprecise information. After the estimator converged
(t ~ 0.5), the controller successfully controlled the vibration.
Speed of transportation Figure 3-7 shows the history of the position of the beam
center of mass. Transportation speed of (b) vibration control with thrusters is sub-
stantially slower than the other two methods. This is because the thrusters have to
control the vibration in (b), and thus cannot spend all of its power only to transport
the beam (See Figure 3-5 for the thruster output force profile).
3.5 Conclusion
The simulation result showed that the proposed decoupled controller has an ability
to contol the vibration and transport the beam quickly while requiring less fuel than
the vibration control with thrusters. Thus the proposed controller is more efficient
than the vibration control with thrusters.
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Figure 3-4: Fuel consumption; comparison of three control methods
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Figure 3-5: Thrsuter output force profile (x direction). (a)Top: No vibration control.
(b)Middle: Vibration control with thrusters. (c)Bottom: Vibration control with
manipulators.
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Figure 3-6: Comparison of three control method in terms of vibration. (a)Top: No
vibration control. (b)Middle: Vibration control with thrusters. (c)Bottom: Vibration
control with manipulators.
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Chapter 4
Experimental Results
To demonstrate the proposed control algorithm, the experimental study was con-
ducted using the Free Flying Space Robotics Test Bed.
4.1 Experimental System
This section briefly describes the FSRL Free-Flying Space Robot Test Bed. (See Fig-
ure 4-1). It consists of a flat granite table, two free-flying dual-arm robots, and flexible
beams. Robots float on the flat table using CO2 air bearing, emulating weightlessness
and frictionlessness in 2 dimensional plain.
Table A 1.3 m x 2.2 m granite table with a polished surface is used for the exper-
iments. The MIT Space System Lab has an octagonal flat epoxy floor with a 16 feet
diameter, which will be used for larger scale experiments in the future.
Robots Figure 4-3 shows an experimental space robot. It is equipped with two
manipulators, eight thrusters, two position sensors, four manipulator joint angle en-
coders, and two force/torque sensors. The robot has 7 DOF in total (2 DOF trans-
lation, 1 DOF rotation, and 4 DOF manipulator joints), all of which are controllable
and observable. All actuators and sensors are controlled by the on-board computer
and powered by on-board batteries, so that the robot can work without any cables
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Figure 4-1: Overview of the entire experiment system
Figure 4-2: Top view of the experiment system
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connected to the outside. The robot has a Wireless LAN adapter to give users access
to the on-board computer from the outside. The detail of the robot hardware and
software is described in Appendix A.
Figure 4-3: An experimental space robot
Bearn The beam is supported by and pin-jointed to the end effectors of the robots'
manipulators, as shown in Figure 4-1. Three accelerometers on the top of the beam
are used to measure its vibration. It is made of aluminum, and is 1.22 m long, 0.80
mm thick, and has a 2.8 Hz lowest natural frequency. [11]
4.2 Experiment Setting
Robots transported the beam while controlling its vibration. Only the first mode
vibration was controlled in this experiment due to the limit of controller bandwidth.
Experiments were conducted on two cases; the parallel transportation, and the rota-
tional transportation.
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IFigure 4-4: Side view of the robot and the placements of components
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4.2.1 Case 1: Parallel transportation
Two robots held both ends of the beam and moved parallel to each other towards
-X direction by 0.5 m, as shown in Figure 4-5. The position of both robots was
controlled by PD controller (Section 2.3.3).
0 < t < 5 [sec]: Excite the vibration X
Robot]1 Robot 2
0.5 m
t > 5 [sec]: Damp the vibration
and transport the beam
RobotRobot 2
Figure 4-5: Case 1: Parallel transportation
4.2.2 Case 2: Rotational transportation
Two robots held both ends of the beam. The right robot rotated -30 degrees around
the left robot, as shown in Figure 4-6. The position of the right robot is controlled by
PD controller in polar coordinate system around the left robot. The PD controller of
the left robot maintained its position and oriented it to the right robot.
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0 < t < 5 [sec]: Excite the vibration X
Ao6, / obot I Robot 2
300
t > 5 [sec]: Damp the vibration
and transport the beam
Figure 4-6: Case 2: Rotational transportation
4.3 Control Methods
In order to quantitatively evaluate the proposed controller's performance, the fol-
lowing three control methods (same as the ones in the simulation, Section 3.2) were
tested with the same experimental settings.
(a) No vibration control - Two robots simply transport the beam using thrusters
without controlling the vibration. Manipulators are locked.
(b) Vibration control with thrusters - Two robots transports the beam and control
the vibration using their thrusters. Manipulators are locked.
(c) Vibration control with manipulators (the proposed algorithm; the decoupled con-
troller) - Two robots transport the beam using their thrusters while controlling
the vibration using their manipulators.
These will be referred as "the experiment (a), (b), and (c)" in this chapter.
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Experiment Timeline Figure 4-7 shows the timeline of the experiment (a), (b),
and (c). Due to the limit of the thrust (~ 0.1 N), visible vibration can not be exited
by robot's maneuver alone. Thus, vibration was actively excited using the two robot's
manipulators for the first 5 seconds of the experiment.
The manipulators were given a preprogrammed sinusoidal motion with a frequency
of 1.0 Hz for the first 5 seconds. Meanwhile, the robots' position and orientation were
maintained by thrusters. Then at t = 5 sec, the vibration controller was turned on
in experiment (b) and (c). In experiment (b) the thrusters controlled the vibration
and transported the beam while the manipulators were locked. In experiment (c) the
manipulators controlled the vibration, and the thrusters transported the beam. In
experiment (a), the manipulator joints were locked after t = 5 sec while the thrusters
transported the beam.
0 CN
U
S0 5 sec Time
0 U
CL
0
o 0
-0.5 m -30 --------
(a) Thrusters
Manipulators
(b Thrusters
Manipulators
(C) Thrusters
Manipulators
Control altitude Transport beam
______________ and control attitude
Excite vibration Locked
Control altitude Transport beam, control attitudeand control vibration
Excite vibration Locked
Control altitude Transport beam
E brand control attitude
Excite vibration j Control vibration
Figure 4-7: Experiment timeline
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Objective Function In the experiment (b) and (c), the parameters in the objective
function (Eq. 2.11 and Eq. 2.21) were set as follows. See Section 2.3.2 and 2.4 for
the definition of x and u.
J = j(xQx + uTRu)dt (4.1)
104 0 0 0
0 104 0 0
0 0 1 0
0 0 0 1
(4.2)
(4.3)
0
Parameters The system parameters used in the experiment is shown in Table 4.1.
Table 4.1: Parameters for the experimental system
Beam Mass properties Mass 0.337 kg
and dimensions Length 1.22 m
Width 0.128 m
Thickness 0.80 mm
Physical properties Material Aluminum
Young Modulus 70.3 Gpa
Density 2.70 x 10' kg
Natural frequencies 1st mode 2.82 Hz
2nd mode 7.77 Hz
Robot Mass properties Mass 7.0 kg
Inertia 0.040 kg.m 2
Actuators Maximum thruster 0.1 N
force
Maximum manipu- 0.6 N
lator force
Sensors Accelerometer 160 x 10-1 m/s 2/ VHz
noise density
Force sensor noise 1.0 N/VHz
density
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4.4 Performance metric
The performance of the three control methods were compared using the following two
metrics.
1. Fuel consumption - the total amount of the fuel (CO 2 gas) consumed between
t = 5 sec (the start of the vibration control) and the time when the robots
reached within 3 cm distance (Case 1) or 2' (Case 2) from the goal point.
2. Damping ratio - the damping ratio of the first mode vibration of the beam.
The fuel consumption was estimated from the thruster command in the controller log.
The thruster's specific impulse (Isp) was assumed to be 10 sec. It did not inculde
CO 2 gas used to float the robots.
The time-series vibration amplitude data was obtained from the Kalman filter.
The damping ratio was defined as ( in the following vibration equation and was
obtained from the nonlinear least squares curve fitting method. Levenberg-Marquardt
algorithm was used for the minimization.
x = A exp(-(wt) sin( 1 - C2 wt + #) (4.4)
4.5 Results
4.5.1 Damping Ratio and Fuel Consumption
Ten experiments were conducted for each control method in both cases. Table 4.2 and
Table 4.3 show the average damping ratio and fuel consumption. The first column
of the table shows the total fuel consumption. The total fuel consumption of (a)
no control can be regarded as the fuel used for rigid-body mode control. Thus, the
difference of the total fuel consumption between (a) and (b), and (a) and (c) is the
fuel used for the vibration control, which is shown in the second column of the table.
Figure 4-8 compares the damping ratio and fuel consumption of three control
methods for both cases. The boxes indicate the average while the bars indicate the
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standard deviation.
Table 4.2: Performance comparison of the three control methods (Case 1) (Average
of 10 runs)
Case 1 Total fuel con- Fuel used for vi- Damping
sumption [g] bration control [g] ratio
(a) No control 84.4 0 0.117
(b) Vib control by 103.3 18.9 0.081
thrusters
(c) Vib control by ma- 93.0 8.6 0.219
nipulators
Table 4.3: Performance comparison of the three control methods (Case 2) (Average
of 10 runs)
ase 2 Total fuel con- Fuel used for vi- Damping
sumption [g] bration control [g] ratio
(a) No control 64.1 0 0.116
(b) Vib control by 79.6 15.5 0.085
thrusters
(c) Vib control by ma- 73.4 9.3 0.189
nipulators J
Approximately the same results were obtained from both cases. The damping
ratio of (c) was about the double of (a) and (b). The damping ratio of (b) was even
smaller than (a), which means that the vibration controller with thrusters degraded
the performance of the vibration control.
Although the total fuel consumptions (the first column of Table 4.2 and 4.3) did
not differ significantly, the fuel used for vibration control in (c) was significantly
smaller than (b). This was because the robots were very heavy (- 7 kg each) while
the beam was thin and light (- 0.3 kg each), so most of the energy of the thrusters
went to the rigid-body mode control.
This result generally agreed with the simulation result shown in Figure 3-3, except
two points. The first one was that the damping ratio of (b) was smaller than (a) in
the experiment while they were almost the same in the simulation. This implies that
some part of the experimental hardware was not modeled properly in the simulation.
Finding a better simulation model is the future work. The other difference between
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the experiment and simulation was that (c) consumed more fuel than (a) in the
experiment while the fuel consumption of (a) and (c) was almost the same in the
simulation. In the experiment, the attitude of the robots in (c) was not as stable as
in the simulation due to the disturbance and actuation error. A substantial amount of
fuel was consumed to maintain the attitude of the robots, which made this difference.
4.5.2 Vibration
Figure 4-9 shows the first mode vibration of the three control methods in the Case 1.
In Experiment (c), vibration was damped in the shortest amount of time. However,
relatively larger disturbance was observed in experiment (c) than experiment (a) and
(b) after the vibration was damped. This was because the manipulator force controller
reacted to the sensor noises.
4.5.3 End effector force
Figure 4-10 shows the end effector force applied to the beam in the experiment (c)
of the Case 1. Most of the vibration control maneuver was done in the first three
seconds. Reactions to the sensor noise were observed as the occasional spikes in this
graph.
4.5.4 Rigid-body motion
Figure 4-11 shows the position of the Robot 1 in the experiment (c) of the Case 1.
Robot's rigid body mode was successfully controlled by thrusters while vibration was
controlled by manipulators.
4.6 Conclusion
The experiment results on both cases showed that the proposed decoupled controller
has an ability to contol the vibration quickly while requiring less fuel than the vibra-
tion control with thrusters. Thus the proposed controller is more efficient than the
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Figure 4-9: The first mode vibration of the experiment. Top: (a)No vibration con-
trol. Middle: (b) Vibration control with thrusters. Bottom: (c) Vibration control by
manipulators
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Figure 4-10: End effector force applied to the beam in the experiment (c): Vibration
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Figure 4-11: Rigid-body motion of the Robot 1 in the experiment (c):
control by manipulators
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Chapter 5
Summary & Conclusions
This work experimentally validated a large space structure transportation algorithm,
which actively controlled the vibration of the structure using space robots' manip-
ulators. The algorithm was shown to double the damping ratio than the classical
thruster-based vibration control, while it consumes less amount of fuel.
In Chapter 1, the motivation for this work and relevant background literature were
presented. Space robotics is a promising substitution for expensive and dangerous
human operation on orbit. Among the various robotic operations expected in the
future, this work especially focused on the transportation of the large, flexible space
structures. One of the key engineering issues is the vibration control during the
transportation. In order to address the issue, the robots' manipulators were used to
control the vibration during the transportation of the structure.
Chapter 2 presented the theory of decoupled controller. It controls the vibration
mode using manipulators while controlling the rigid body mode by thrusters. LQR
algorithm is used for the vibration controller while classical PD controller is used for
the rigid-body mode controller. The manipulator compliance controller is introduced
to bridge the vibration controller and the rigid-body mode controller.
Chapter 3 presented the simulation result. The performance of the presented
controller is compared with other two approaches: (a) no vibration control and (b)
the vibration control with thrusters. The simulation result showed that the decoupled
controller can damp the vibration quicker than (a) and (b) while consumes less amount
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of fuel than (b).
Chapter 4 presented the experimental result, which mostly agreed with the simu-
lation result. The experiment was conducted using FSRL Free Flying Space Robotics
Test Bed. The test bed consists of a flat granite table, two free-flying dual-arm robots,
and flexible beams. The Robots float on the flat table using CO 2 air bearing, em-
ulating weightlessness and frictionlessness in 2 dimensional plain. The performance
of the decoupled controller is compared with other two control methods; (a) no vi-
bration control and (b) the vibration control with thrusters. The experiments were
conducted on two cases; the parallel transportation and the rotational transportation.
The results of both cases showed that the decoupled controller doubled the damping
ratio compared to (a) and (b), and consumes less amount of fuel than (b).
In conclusion, the proposed large space structure transportation algorithm is more
efficient than existing approaches in terms of the fuel consumption and the reaction
time to damp vibration damping. Using this algorithm, the construction of the large
space structure can be done with less amount of fuel, which is a limited and expensive
resource on the orbit. By combining this work with other space robotics work such
as [6] [13] [14] [17] [24], space robots can be more capable, efficient, and intelligent than
now, which will contribute improving the human civilization by enabling easier and
more inexpensive development of the space.
53
Appendix A
Experiment System Details
This chapter describes the detail of the experiment system design and how to use it.
A.1 Experimental Space Robots
The free-flying robots are the most complicated parts of the experimental system.
Each robot is equipped with actuators and sensors to control and observe its 7 DOF
motion. It has a computer and the batteries on board, so that it can operate without
any support from outside, emulating an actual on-orbit space robot.
All components of the robot and their placement are shown in Figure A-1.
A.1.1 Robot Subsystems
Air Bearings Three round air bearings support the robot's mass. Pressurized CO 2
gas flows out of the bottom of the air bearings, which creates a thin CO 2 layer between
the table and the bearing. The robots float on the table with little friction. The CO 2
gas is stored in a tank on each robot.
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Batteries
Wireless LAN
router
Force/torque sensors
'00* 0.
Sensor/actuator
Air barindriver boards
Figure A-1: Side view of the robot and the placements of components
Thrusters Each robot has eight cold gas thrusters, which enables 3 degree of free-
dom maneuvers. Each thruster has ~ 0.1 N thrust, though it has not been precisely
measured yet. Thrusters share the CO 2 gas tank with the air bearings. They are
controlled by eight solenoid valves, which can only turn on or off (no intermediate
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state). Intermediate thrust can be generated by pulse width modulation (PWM).
The eight thrusters are clustered in three locations at the bottom of the robot as
shown in Figure A-2. Arrows in the figure indicate the placement and the orientation
of the thrusters.
Thruster cluster 1
Mous 2
Thru er
cluste3
Thruster cluster 2
Figure A-2: Bottom view of the robot; placement of mice and thrusters
Manipulators and Encoders Each robot is equipped with two two-joint manipu-
lators, adding 4 DOF to the robot. Each manipulator is powered by two DC motors,
and its joint angles are read by two optical angle encoders.
Force/Torque Sensors Force/Torque Sensors are placed at the base of each ma-
nipulator. Figure A-3 provides the overview of the architecture of the sensor. It
measures 3 DOF forces and torque (Fr, Fy, and Ty) by using four strain gauges.
Most part of the forces and torques applied to the sensor is carried by four flexures,
which deforms linearly with the magnitude of forces and torque. The deformation
is measured by four strain gauges installed along with the flexures, from which the
forces and torque applied to the manipulator are estimated.
See Section ?? for the detail about the measurement and the calibration of the
sensor.
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FStrain gauge
Figure A-3: Force/torque sensor architecture
Position and Velocity Sensors Two optical mice are placed at the bottom of the
robot as Figure A-2 to measure the position, orientation, and velocity of the robot.
A.1.2 Electronics
The robot's electronics consists of an on-board computer, several sensor/actuator
driver boards, and CAN (Controller Area Network) communication bus. Figure A-
4 is the electronics diagram which shows all the electronics components and the
connections.
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ENC: Encoder FTS: Force/Torque Sensor ACC: Accelerometer
SOLV: Solenoid Valve Inst. Amp: Instrumentation Amp
Figure A-4: Robot's Electronics Diagram.
On-board Computer The robot's on-board computer is the Diamond Systems
Morpheus PC/104 System with 400MHz Intel@ULV Celeron@Processor and 128
Mbyte RAM. It is an PC/AT compatible machine with ISA expansion bus (PC/104
bus), on which a CAN-bus board (Softing CAN-AC2-104) is placed. It is also equipped
with Wireless LAN router to allow wireless access to the on-board computor from
outside.
Sensor/Actuator Driver Boards Four kinds of custom electronics boards were
used to drive on-board sensors and actuators; manipulator boards, force/torque sen-
sor boards, base module boards, and accelerometer boards. All of them except the
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force/torque sensor board have Microchip PIC18F6680 MCU (Micro Controller Unit)
for the operation of the sensors and actuators.
The manipulator board controls DC motors and reads the digital angle encoders.
The motor's speed is controlled by PWM (pulse width modulation) and the rotation
direction is controlled with the H-bridge circuit. The H-bridge circuit also serves as
electromagnetic brake of the motors. The signal from the optical angle encoders are
interpreted by counter IC and then read by PIC MCU.
The base module board controls thrusters and reads mice. The thrusters' solenoid
valves are opened and closed by FETs (field effect transistors), whose gate are con-
trolled by PIC's 10 port. The data from the mice are directly fed to PIC and inter-
preted.
The force/torque sensor board has instrument amps and operational amps to
amplify the signal of the force/torque sensors. Amplified signals are A/D converted
by the PIC on manipulator boards.
The accelerometer board interprets the digital PWM signal from Accelerometers
on the beam.
A.1.3 Software
The real-time software of the on-board computer runs on Matlab xPC Target. It is
developed by Simulink and compiled in remote PC, and then loaded on the on-board
computer.
The controller cycle is 200 Hz. The sampling time of the encoders, the force/torque
sensors, and the motors is also 200 Hz, while it is 50 Hz for accelerometers and 20 Hz
for mice.
A.2 CAN-bus
A CAN (Controller Area Network) bus is utilized for the communication between the
on-board computors and MCUs.
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In the experiment described in Chapter 4, one on-board computer controls two
robots. Therefore two robots are also connected with CAN-bus to allow inter-robot
communication.
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Appendix B
Force/Torque Sensor Manual
This chapter explains how to calibrate and use the force/torque sensor for the exper-
imental space robots.
First you have to define the zero-point angles of the manipulator joints (See Section
B.1).
Then there are three things you may have to do before using the sensor.
(a) Gain and offset correction (Section B.2); set the proper gain and offset of
the force/torque sensor board by adjusting the potentiometers.
(b) Full calibration (Section B.4.1); calibrate all sensor parameters using the
FSRL Force/Torque Sensor Calibration Equipment.
(c) H's calibration (Section B.4.3); calibrate only the zero-point and H' (See
Section B.3, Eq B.6 for the definition) without using the FSRL Force/Torque
Sensor Calibration Equipment.
When you install a new force/torque sensor, install a new force/torque sensor
board, or changed the wirings, you must perform a (a) gain and offset correction
followed by a (b) full calibration.
To maintain the precision of the sensor, a (c) Ht calibration should be done at
least once in a week.
61
When you attach a beam or some objects to the end effector, you have to conduct
a (c) H calibration with the objects attached to the end effector, or load the past
calibration data. See page 68 for the reason.
When you find that the sensor measurement is not accurate, you should first try
a (c) Ht calibration. If it does not solve the problem, then try a (b) full calibration.
It is recommended to read Section B.3 to understand the theory of measurement
and calibration before you read the Section B.4.1 - B.4.3.
B.1 Zero-point Angle Definition
The zero-point angles of the manipulator joints are defined as the reference points
of the measurement. In this work, the zero-point angles are defined as [01, 02] =
[-250, 1250] for the right manipulator and [25', -1250]for left manipulator. See Figure
B-3 for the definition of 01 and 02.
Zero-point angles may be defined differently as needed. Generally, the offset error
is large when the joint angles are far from the zero-point angles. Thus the zero-point
angles should be chosen as a point near the center of the expected range of motion.
B.2 Gain and Offset Correction
As is explained in Section A. 1.1, the force/torque sensor is made of four strain gauges,
each of which outputs voltage potential difference proportional to the strain. The
voltage potential difference is amplified by the force/torque sensor board (Figure B-
1) and then A/D converted by the manipulator board. The force/torque sensor board
has eight channels. Each channel has two potentiometers (blue boxes) to adjust the
gain and offset of the amplifier. The following equation is the model of the signal
amplification by the force/torque sensor.
V.t = Voffset + KV (B.1)
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where Vi is the output of the strain gauge (input to the board) and Vo,, is the
output of the board. Two potentiometers adjust K and Voiiset. Note that there is a
coupling between K and Voff et in the actual hardware (i.e. Adjusting the gain (K)
potentiometer also affects Voffset).
Figure B-1: Force/torque sensor board
Both potentiometers have to be adjusted so that the output is in the range O[V] <
V,.t < 5[V]. Vt should be about 2.5 V when the manipulate joints are at the zero-
point angles (Section B.1). Bring the manipulators joints to the zero-point angles,
watch the output voltage using oscilloscope, and adjust the potentiometers as shown
in Figure B-2. Table B.1 shows the pin assignment of the force/torque sensor board.
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I
Figure B-2: Gain and Offset Correction
B.3 Force/Torque Sensor Theory of Measurement
and Calibration
B.3.1 Sensor Model
Basic Sensor Model
A linear sensor model of a force/torque sensor is assumed.
z = zo + Hf (B.2)
where z = [zi z 2 z3  z 4 ]T are the sensor outputs (the measurements of four strain
gauges), zo is the zero-point output vector, and f = [F, Fy T FZ T TYZ ]T
is the input force and torque. Since zi is the output of 10-bit AD converter, its range
is from 0 to 1023.
Out-of-plane Force Coupling
In Eq.B.2, f contains not only the in-plane forces and torque (Fx, Fy, and Txy) but
also the out-of-plane force and torques(Fz, Ty, and Tzx). See Figure B-3 for the
64
Table B. 1: Pin Assignment of Connector JX of the force/torque sensor
Pin # Fuction
1-2 GND
3-4 +5V
5 Channel 1 out (sensor 1-1)
6 Channel 2 out (sensor 1-2)
7 Channel 3 out (sensor 1-3)
8 Channel 4 out (sensor 1-4)
9 Channel 5 out (sensor 2-1)
10 Channel 6 out (sensor 2-2)
11 Channel 7 out (sensor 2-3)
12 Channel 8 out (sensor 2-4)
13-16 Not Connected
definition of the coordinates. Only the in-plane force is to be measured, but the
effect of the out-of-plane force to the output is not negligible. Due to this coupling of
the out-of-plane force, it is impossible to calculate the input force f from the sensor
output z by simply multiplying with the pseudo-inverse of H, because the dimension
of f (six) is larger than the dimension of z (four).
This problem can be solved by using the joint angles of the manipulator. The
effect of the out-of-plane force can be predicted from joint angles, if the following two
assumptions are true.
Assumption 1 The load to the end effector is constant.
Assumption 2 No external out-of-plane torque are applied to the manipulator.
Assumption 1 is true for the experiments in this work. Assumption 2 is also true,
since the beam is pin-jointed to the end effector. With these assumptions, the only
source of out-of-plane force and torques is the mass of the manipulator and the mass
of the object attached to the end effector. Thus F, is constant, and Ty, and T., are
functions of joint angles given in Eq. B.3.
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Figure B-3: Manipulator and force/torque sensor model
g(m 1 + M2 + M3 + mob3 )
F \ gm 2 r 2 sin 1 + gm3{R 2 sin 01 + r3 sin(9 1 + 02)}
+gmobj { R2 sin 01 + R 3 sin(01 + 02)}f out = TYZ
Tz = gmiri+ gm 2 (R 1+ r 2 cos 01)
+gm3 {Ri + R 2 cos 01 + r3 cos(9 1 + 02)}
+gnb 3{R1 + R 2 cos 01 + R3 cos(0 1 + 02)}
(B.3)
where
g: Gravitational acceleration on the ground
mi: Mass of ith link
mob3 : Mass of the object held by the end effector
ri: Distance from (i - 1)th joint to CG of i th link
R,: Distance from (i - 1)th joint to i th joint
9 i: Joint angle of ith joint.
See also Figure B-3 for the definition of parameters.
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Eq. B.3 can also written in matrix form as follows.
fout = f out,O + G(E - e0)
where
f out'O =
G= g
s
C
s
C
m 1 + m 2 + m 3
0 + GO
mnir + m 3 R 1 + m 3R 1 )
0 0
m 2r 2 + m 3 R 2  0 m
0 m 2 r 2 + m 3 R 2
0
3 r3
0
0
0
m 3 r3
sin(6 1)
cos(91)
in(91 + 62)
OS(91 +02)
sin(91,o)
cos(61,o)
in(0 1,o + 02,0)
0s(9 1 ,o + 62,0)
I
Adjusted Sensor Model
To separate the effect of the out-of-plane force from the sensor output, the sensor
model (Eq.B.2) is decomposed as follows
z = zo+Hf
= zo+Hinf in+ Houtf t (B.5)
67
(B.4)
where
(Fx Fz
fin= F , fou= TY
By substituting Eq.B.4 to Eq. B.5, the following adjusted sensor model is obtained.
= zO + Hnfi + H'Ou(e - 8o) (B.6)
where
Z' = zo + Houtf OuO
H' = H ouG
This adjusted sensor model (Eq.B.6) is the basis of all force/torque sensor measure-
ment and calibration.
Note that H's includes the mass of the object held by the end effector mobj (See
Eq.B.3). Therefore H' t varies for the different mass at the end effector. This is the
reason why the Hu has to be recalculated when a different object is attached to the
end-effector (See page 62).
B.3.2 Theory of Calibration
Calibration is necessary to obtain z', Hi, and H', tin Eq.B.6.
Zero-point Calibration
The zero-point z' can be obtained by averaging several measurements of the sensor
outputs z when fin = 0 and E = E0. (Substitute fin = 0 and E = E0 to Eq.B.6
and you will obtain z = z'.)
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Observation Matrices
To obtain Hin and H's, the sensor outputs z are measured for several times with
different fin and . Let z', f , and E) be the value of z, fi, and e in the
ith measurement. After N measurements, the following matrices are build from the
measured data.
Z = z - zoI z 2 - z -- I z N _ zo
P1 8 2 _9 ... fN ~8
(B.7)
(B.8)I
Z is a 4 by N matrix and F is a 7 by N matrix.
The least square estimates of Hin and H' are obtained
pseudo-inverse of F with Z as follows;
[Uin Hot] = ZFT {(F FT)-1T.
by multiplying the
(B.9)
B.3.3 Theory of Measurement
Given the sensor output z and the joint angles, the in-plane forces can be estimated
as follows using the pseudo-inverse of Hi,.
fin = H+ {z - z' - H' t(E - E0)} (B.10)
where
H+ = (H7THi,)- 1HI. (B.11)
B.4 Calibration of Force/Torque Sensor
B.4.1 Full Calibration
Full calibration gives all three parameters in Eq.B.6; z', Hin, and H'
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To conduct full calibration, perform the following procedure.
i. Place the robot in the FSRL Force/Torque Sensor Calibration Equipment. (Sec-
tion B.4.1)
ii. Run the script fts-calibrate to input the data and calculate parameters.
(Section B.4.1)
iii. Update the parameters in xPC target, if necessary. (Section B.4.4)
FSRL Force/Torque Sensor Calibration Equipment
Figure B-4 and B-5 shows FSRL Force/Torque Sensor Calibration Equipment, which
was manifactured by Tatsuro "Ted" Nohara. The robot's base is fixed by the L-
shape clasp of the equipment. As shown in Figure B-5, six light-weight fishing lines
are attached to the manipulator joints. The lines go through the pulleys, and are
attached to paper clips at the other end. Weights are hang on the clips to apply
in-plane force fin (See Eq.B.6).
Since the forces and torques measured are small, these weights need to be small.
Small wrenches with paper clips were found to be an expedient way to produce
repeatable weights for the calibration equipment. Seven weights are defined and
numbered. For example, the weight #1 is a wrench which weighs 78.8 g. The weight
#7 is a cluster of five clips, which weights 6.4 g. The mass of these weights are defined
in fts-weights2loads.m.
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Figure B-4: FSRL Force/Torque Sensor Calibration Equipment
rPulley 4 Mr Pulley 2Pulley 6
(left arm)
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Pulley 6
(right arm)
Pulley 5Pulley 3
Pulley I
II
Figure B-5: Schematic of the FSRL Force/Torque Sensor Calibration Equipment
showing calibration of the right manipulator
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fts-calibrate
To obtain Hi., and H' using Eq.B.9, F (Eq.B.8) has to be non-singular. To this
end, the sensor outputs have to be measured with various weights, which result in
various fi , and various joint angles, which result in various . A Matlab script
fts-calibrate helps this procedure, and is described in the following sections.
To Start fts-calibrate Boot the xPC target (PC104), establish communication,
and launch Matlab. Change the directory to <JAXAroot>\xPC\ib\fts-calibrate.
Then execute the script fts-calibrate. It will ask which robot to use, and which
manipulator to be calibrated. It loads the necessary model automatically on the xPC
target (PC104). It automatically move the joints to the zero-point angles (Section
B.1), and measures the zero point (z' in Eq.B.6). Sometimes the robots have trouble
moving the joints. In such a case, help the robot to move the joint with your hand.
Then it waits for the user's command.
Basic Commands of f ts-calibrate The two most important commands are the
i command and h command. Use the i command repeatedly to input data, and then
use h command to calculate Hi, and H' and save the result.
The i command measures the sensor output and joint angles. Use this com-
mand to input new data. Hang weights on the clips of FSRL Force/Torque Sensor
Calibration Equipment and tell the program which weight you hang.
Table B.2 shows the suggested profile. Angles do not have to be precise (~ 100
error is allowed). This profile is optimized for forces in the range 1 [N] to -1 [N]. If you
use the sensor with smaller range, lighter weights (similar weights as your maximum
range) would work better. This profile is for the right manipulator; for the left
manipulator, use the joint angles with the opposite sign.
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Table B.2: Full calibration: suggested weight and angle profile
I I T
1 -25 125 1 - - -
2 -25 125 - 4 - - -
3 -25 125 - - 4
4 -25 125 - - - 1 -
5 -25 125 - - - - 1 -
6 -25 125 - - - - - 1
7 -45 90 - - --
8 -30 15 - - --
9 0 0 - - -
10 30 0 - - - -
11 45 -90 - - - -
Use the c command to check the current condition number. Large condition
number means the data matrix F is close to singular matrix, and hence, is undesirable.
(Condition number should be < 35 ) If the condition number is too large, add data
with different joint angles and weights to lessen the condition number.
Then use the h command to calculate Hi, and H' and save the result. Use
the q command to terminate the program.
fts.calibrate Command Reference
c Show the current condition number
d Delete past data
h Calculate Hi, and H's and save the result
i Input data
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Weight #
Pulley 4Pulley 1 Pulley 2 Pulley 3 Pulley 5 Pulley 6
Joint I
[deg]
Joint 2
[deg]
j Move the arm to the desired joint angles
1 Show the list of data input so far
m Show the secret message from the developer
mat Input any Matlab command
r Read the log file and load data to the workspace.
s Stop joint motors
w Write the log to a file
z Conduct zero point calibration again .(The data is preserved.)
help Show help document
The script also accepts any Matlab commands except those which are listed above.
Using mat command allows you to enter any Matlab command.
The script generates a log file automatically. If the program ends before you
execute the h command, you can reload the input data by using the r command. The
name of the auto-saved log file is 'fts-calibrate-log<date>.mat'.
B.4.2 H' Calibration
The H', calibration gives two of the three parameters in Eq.B.6; z' and H'i. The
other, Hi is calculated by full calibration (Section B.4.1).
To conduct the H' calibration, follow the following procedure.
i. Attach the same object to the end effector that will be used in the experiment
ii. Turn on the gas and float the robot.
iii. Use the script fts-auto-zero-calibrate2 to input the data and calculate pa-
rameters.
iv. Update the parameters in xPC target, if necessary. (See Section B.4.4)
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Important Note As is explained in Section B.3.1, H'u depends on the mass of
the object attached to the end effector. Thus, for example, if you attach a beam to
the end effector in the experiment, you have to attach the same beam in the H'
calibration.
To avoid the trouble of conducting H' calibration every time you change the
object on the end effector, copy all .mat files with the filenames start with "cali-
brateH_" and "zeroCalibrate-" to other directory. When you change the attached
object, copy the corresponding .mat files to <JAXA-root>\xPC\lib\fts-calibrate,
and then update the parameters in xPC target (See Section B.4.4).
f ts-auto-zero-calibrate2 Change directory to <JAXAroot>\xPC\ib\fts-calibrate.
Then execute the script fts-auto-zero-calibrate2. It will ask which robot to use,
and which manipulator to be calibrated. It loads the necessary model automatically
on the xPC target (PC104). It automatically moves the joints to the zero-point an-
gles (Section B.1), and measures the zero point (Z' in Eq.B.6). Then it automatically
moves the joints to several positions, and collects data to obtain H' .
When a heavy object is attached, the robots may have trouble moving the joints.
In such a case, help the robot to move the joint with your hand.
B.4.3 Zero Point Calibration
The zero point calibration gives only z'. It is recommended to conduct the H'
calibration instead of the zero point calibration the precision of the measurement.
To conduct the zero point calibration, use the script f ts-zero-calibration2. It
will ask which robot to use, and which manipulator to be calibrated. It loads the
necessary model automatically on the xPC target (PC104). It automatically moves
the joints to the zero-point angle (Section B.1), and measure the zero point (Z' in
Eq.B.6).
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B.4.4 Update the Calibration Data
The calibration result is saved in .mat files with filenames starting with "calibrateH_"
and "zeroCalibrate.". These data are automatically loaded and used when the model
is compiled. However, if the calibration is conducted after the model is compiled, the
latest calibration data are NOT used in the model. In such case, you have to execute
the script fts-update after the model is loaded and before the model is started.
This script's effect is one-time only. It cannot re-write the compiled program.
Thus you have to execute f ts-update EVERY TIME after you load the model, until
you recompile the model .
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